Abstract: Cu-11.76Al alloy was treated at 3 GPa and 700 °C for 15minutes, the solid-state phase transformation temperature and time of Cu-11.76Al alloy before and after 3 GPa pressure treatment during heating process were measured by DSC (differential scanning calorimeter), its activation energy was also calculated, and the microstructures of Cu-11.76Al alloy before and after 3 GPa pressure treatment were analyzed by metallurgical microscope and transmission electron microscopy. Based on the experimental results, the effect of 3 GPa pressure treatment on the solid-state phase transformation of Cu-11.76Al alloy during heating process was investigated. The results show that 3 GPa pressure treatment can decrease the temperature and activation energy of α + γ 2 →ß transformation of Cu-11.76Al alloy, shorten the phase transformation time, which is helpful for the phase transformation. The main reason is that 3 GPa pressure treatment can refine the grains and increase dislocation density of Cu-11.76Al alloy.
Introduction
 Cu-Al alloy has been widely applied in the fields of electric power, electronics and aerospace due to its high electrical conductivity, thermal conductivity and good corrosion resistance. But the disadvantage of material is easy to grow grain and may restrict its further application [1] . It is well known that high pressure has some advantages such as promoting nucleation, suppressing atomic transport and inhibiting grain growth [2] [3] [4] [5] . Therefore, some researchers have paid attention to the effect of high pressure processing on improving the microstructure of copper alloy [6] [7] [8] . Since the application part made of Cu-Al alloy is usually used at a certain temperature, it would inevitably lead to solid state phase transformation with the temperature increasing, which affects its service performance. Although the study for high pressure processing to improve microstructure Corresponding author: XU Hong, senior engineer, research field: metallic materials. and properties of Cu-Al alloy has been reported [9] , the effect of high pressure treatment on the solid state transformation of Cu-Al alloy in following heating process is still not clear, because the solid phase transition ultimately affects the microstructure and properties of Cu-Al alloy. Therefore, in this paper, the effect of 3 GPa pressure treatment on solid state phase transformation of Cu-11.76Al alloy during the following heating process has been studied and the results can provide some reference to establish the hot working technology of Cu-11.76Al alloy after high pressure treatment and enrich the high-pressure research in the field of copper alloy.
Experiments
The experimental material is Cu-Al alloy (88.24% Cu, 11.76%Al and 0.13% other elements; mass fraction, %). Firstly, the casting specimen coated with boron nitride powder was sealed in the graphite sleeve; secondly, the graphite sleeve was put into the pyrophyllite mold; then these were put together into 
Results and Discussion

Phase Transformation at Constant Heating Rate
Fig . 1 shows the DSC curves of Cu-11.76Al alloy before and after high pressure treatment at constant heating rates at 5 °C·min -1 , 10 °C·min -1 , 20 °C·min -1 respectively. One endothermic peak can be seen clearly on each DSC curve before and after high pressure treatment. Based on phase diagram of the Cu-Al alloy [12] , this peak corresponds to the solid state phase transformation α(Cu) + γ 2 (Al 4 Cu 9 ) →ß(AlCu 3 ) in heating process. The initial temperature, peak temperature, ending temperature and the transformation duration of the phase transformation can be deduced from the DSC curves at different heating rates, and listed in Table 1 . It can be seen that the initial temperature, the peak temperature and the ending temperature of α + γ 2 →ß phase transformation all increase with increasing heating rate, and 3 GPa 
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pressure treatment can decrease the temperature and activation energy of α + γ 2 →ß transformation of Cu-11.76Al alloy. At the heating rate of 10 °C·min -1 , the peak temperature and duration of t the α + γ 2 →ß phase transformation of the 3 GPa high pressure treated Cu-Al alloy is 571.65 °C and 209.94 s, decreased by 2.69 °C and 11.88 s, respectively, compared with the as-cast alloy, which reveals that the α+γ 2 →ß phase transformation of the 3 GPa high pressure treated Cu-Al alloy is more prone to happening.
Phase Transformation Activation Energy
According to the phase transformation peak value at various heating rates shown in Table 1 , linear relation of ln(BT -2 ) and T -1 was obtained, as shown in Fig. 2 .
By calculating its slope according to the Kissinger equation using the least square method, (E c /R) is achieved, thus the phase transformation activation energy of α + γ 2 →ß of the Cu-11.76Al alloy before and after 3 GPa pressure treatment is obtained, i.e., 1,296.58 kJ·mol -1 and 1,174.85 kJ·mol -1 , respectively.
The high pressure treatment can reduce the α + γ 2 →ß phase transition activation energy. The relation of the phase transformation volume fraction (x i ) and the corresponding temperature (T) of the samples with and without high pressure treatment can be obtained from the DSC curves, as shown in Fig.  3 . According to Fig. 3 , the α + γ 2 →ß phase transformation activation energy at various stages can be calculated by the Doyle equation and is plotted in Fig. 4 . It indicated that the phase transformation activation energy is relatively higher at initial stage, and then decreases with increasing volume fraction. Thus, high pressure treatment can reduce the α + γ 2 →ß phase transformation activation energy. This further illustrates the 3 GPa pressure treatment can reduce the α + γ 2 →ß phase transformation consuming energy barrier during the subsequent heating process, resulting in the α + γ 2 →ß phase transformation easily occurred.
The α + γ 2 →ß phase transformation process includes the formation and growth of crystal nucleus. The whole process is performed through the diffusion of atoms. The more the grain boundary, vacancies and dislocation in microstructure of Cu-11.76Al alloy exist, the more tunnels for the diffusion of Cu and Al atoms are, as a result, the easier the phase transformation goes (shown in Fig. 5 ), the fine grain microstructure obtained after high pressure treatment is mainly to the increment of the density of interface and the interfacial deficiency. Meanwhile, a lot of internal stress remaining in the alloy during heating process causes plenty of lattice distortion and dislocations in the interior of grain (shown in Fig. 6 ), the latter provides more favorable channel for the diffusion of copper and aluminum atoms, resulting in the atoms rearrange easily achieved in the subsequent heating process and reduce the phase transition activation energy and phase transition time, which is attributed to the α + γ 2 →ß phase transition. (2) The main reason of the α + γ 2 →ß transformation parameters change is that 3 GPa pressure treatment can refine the grains and increase dislocation density of Cu-11.76Al alloy.
Conclusions
